dependent manner, rapidly stimulates CaMKIV activity Nonetheless, calcium does not invariably act as a proto promote neuronal survival by reducing nuclear levels survival factor. Calcineurin, a calcium-and CaM-depenof C/EBP␤. Conversely, loss of growth factor support or dent serine/threonine phosphatase, can be activated by strongly stimulating NMDA receptors rapidly increased nuclear import of C/EBP␤ and induced subsequent cell death.
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IGF-1-and L Channel-Dependent Survival Require CaMKIV
We next tested the potential role of CaMKIV in IGF-1-and L-mediated survival. Cultured cerebellar granule neurons were transiently cotransfected with cDNAs encoding a catalytically inactive CaMKIV (dn-CaMKIV; Chatila et al., 1996) and, to identify transfected neurons, GFP. After 1 day, survival of neurons overexpressing dn-CaMKIV was compared with that of untransfected neurons in the same cultures and that in sister cultures transfected with wild-type (wt) CaMKIV. Cells were confirmed as neuronal by immunolabeling with Tuj1, an antibody against neuron-specific class III ␤-tubulin (see Supplemental Figure S1 at http://www.neuron.org/cgi/ content/full/39/4/625/DC1). We found that overexpressing dn-CaMKIV prevented survival (Figures 2A, 2B , and 2F), suggesting that CaMKIV activity may be an absolute requirement. In contrast, overexpressing wt-CaMKIV ( Figures 2C-2F ), while a cytoplasmically targeted constitutively active CaMKII had no effect ( Figure 2F ). Overexpresssing ca-CaMK kinase (CaMKK), a calciumdependent enzyme required for CaMKIV activation, also Results increased survival ( Figure 2F ). We further tested if caor wt-CaMKIV-dependent survival required L channel IGF-1 Rapidly Stimulates Both CaMKII and -IV, activity: survival of untransfected, ca-CaMKIV-transbut Only CaMKIV Activity Remains Elevated fected, and wt-CaMKIV-transfected neurons was ‫%59ف‬ IGF-1 and CaMK activity have been separately shown in the presence of IGF-1 but was reduced to ‫%56ف‬ to improve neuronal survival, but it was unknown if IGF-1 by the L channel blocker nimodipine ( Figures 2D-2G ) was used the during brief (1 min) exposure IGF-1 (50 ng/ml) for up to 4 hr, and CaMKII and -IV to IGF-1 ( Figure 3A) . Interestingly, extended Cd 2ϩ -block specifically immunoprecipitated. Kinase activities were improved survival, suggesting that extended block of then assayed in vitro by determining 32 P-incorporation other calcium channel subtypes might exert prosurvival into specific substrates (Yoshida et al., 2000). Both activeffects and leading us to test N channel inhibition (see ities increased within 2 min, but the peak elevation of Figure 6B ). CaMKIV activity was ‫-4ف‬fold greater and of longer duraWe also found that increasing CaMKIV levels shifted tion than that of CaMKII (Figure 1 ; n ϭ 4 independent the sensitivity to IGF-1-and L channel-mediated surexperiments). Maximal CaMKIV stimulation occurred at vival. Physiological levels of IGF-1 in the CNS are typi-‫01ف‬ min. Comparable results were obtained using cally defined as the levels detected in cerebrospinal whole-cell extracts and a CaMKIV-specific substrate fluid. Nonetheless, the levels directly experienced by (n ϭ 2 independent experiments). neurons and their fluctuation over time are unknown. L channel activity was necessary. When IGF-1 was We therefore determined the dose responsiveness of added in the presence of nimodipine and CaMKIV activsurvival to IGF-1, if transient stimulation was sufficient ity assessed after a 10 min stimulation, the increase was and if responsiveness was affected by CaMKIV levels. largely, although not completely, blocked (Figure 1) . As Neurons were transfected with wt-CaMKIV and exposed an internal control, the general CaMK inhibitor, KN62, briefly (1 min) to increasing IGF-1 concentrations. Culwas also tested; it, but not its vehicle, fully blocked the tures were then maintained for 1 day in unsupplemented test medium. We found that moderate-high levels of IGF-1-induced increase (Figure 1) . IGF-1 (10-100 ng/ml) increased survival of both transfec-1% (wt-CaMKIV transfectants and nontransfectants, respectively). Interestingly, neurons depolarized for 10 min tants and nontransfectants almost to the levels obtained with a 24 hr application, but that at very low concentrasurvived less well (62% Ϯ 2% and 61% Ϯ 1%, p Ͻ 0.001) than those depolarized for 1 min, again implying tions (0.01-0.1 ng/ml), wt-CaMKIV-overexpressing neurons survived much better ( Figure 3A ). This suggests that calcium levels need to be optimized. Together, the results indicate that increasing CaMKIV levels primes that the requirement for IGF-1 can be reduced or partially bypassed by increasing CaMKIV. We further found that the survival mechanism, reducing but not eliminating a requirement for moderate calcium influx. at all IGF-1 concentrations, blocking L channel activity reduced survival ( Figure 3A Similarly, depolarization-induced survival was better 84% Ϯ 2% of the dn-C/EBP-transfected neurons survived, as compared to 44% Ϯ 2% among the nonin neurons expressing higher levels of wt-CaMKIV and was fully inhibited by simultaneous treatment with L transfectants in the same culture. Wild-type was also tested. channel blockers. Neurons were exposed for 1 min to 90 mM KCl (expected to drive the membrane potential to Ϫ10 mV), rinsed, and returned to unsupplemented Specific Inhibition of C/EBP␤ Mimics IGF-1-Induced Survival and Reduces NMDA test medium for 24 hr. We found that survival was 73% Ϯ 2% in wt-CaMKIV-overexpressing neurons, but only Receptor-Mediated Death The ␤ isoform of C/EBP was of particular interest since 66% Ϯ 1% in untransfected neurons (p Ͻ 0.001, Student's t test). In addition, the improved survival required its activity can be controlled via PI3K and Akt ( 5A , nucleotide (ODN) or an siRNA that did not affect nuclear panel a2; n ϭ 3 independent experiments): although C/EBP␤ levels. Cell counts were performed after 1 day nuclear C/EBP␤ levels were high after 2 hr in unsupplein serum-free unsupplemented test medium, treating all mented medium, levels in sister cultures exposed to neurons as probable transfectants (see Experimental minimal IGF-1 concentrations were low (0.5 ng/ml, Procedures). Survival in both C/EBP␤ antisense and 39% Ϯ 2% relative to no IGF-1), and increasing IGF-1 siRNA was high: 89% Ϯ 1% and 90% Ϯ 3%, respectively further reduced nuclear levels (5 ng/ml, 24% Ϯ 4%; 50 ( Figures 4B, 4D, and 4G ), values indistinguishable from ng/ml, 18% Ϯ 4%; 500 ng/ml, 11% Ϯ 5%). Experimental those obtained upon IGF-1 treatment of nontransfected controls included assessing CREB; as expected, IGF-1 neurons (91% Ϯ 2%, Figure 4F ). Conversely, survival in increased its phosphorylation (data not shown). As conthe presence of the sequence-scrambled ODN or nontrols for the subcellular fractionation procedure, both blocking siRNA was 44% Ϯ 3% and 37% Ϯ 3% (Figures nuclear and cytoplasmic fractions were assayed for the 4C, 4E, and 4G), similar to untreated neurons in basic presence of unique markers: the transcription factor, test medium (43% Ϯ 2%, Figure 4F ) and showing that c-jun, was found only in the nuclear fraction, while the the improved survival was directly dependent on inhibnonnuclear marker, the mitochondrial enzyme GAPDH, iting the C/EBP␤ subtype. DC1; n ϭ 2 independent experiments). When assayed However, almost no neurons treated with the control immunocytochemically and biochemically using transla-ODN or nonblocking siRNA lived (3% Ϯ 1%, 4% Ϯ 2%; tional or transcriptional inhibitors (cycloheximide, acti- Figures 4C, 4E, and 4G) . Significantly, antisense treatnomycin D), levels were not significantly higher than in ment may be able to rescue severely traumatized neu-IGF-1 alone (Supplemental Figure S3D) , suggesting that rons. When pretreated with NMDA prior to transfection C/EBP␤ was being translocated between subcellular and then maintained in NMDA, essentially all control compartments. In addition, treatment with either antineurons died (3% Ϯ 2%), but 22% Ϯ 6% of the antisense ODN or siRNA was able to keep nuclear C/EBP␤ sense-treated neurons survived. levels low in neurons maintained 1 day in 0-serum (Figure 5C ; n ϭ 3 independent experiments, ODN; n ϭ 4 Antagonistic Regulation of Nuclear C/EBP␤ independent experiments, siRNA).
Levels and Survival
The IGF-1 effect was linked through L channel and The survival data implies that increasing C/EBP␤ exCaMKIV activities. Inhibiting L channels during IGF-1 pression reduces survival. To establish if this was due treatment led to a ‫-2ف‬fold increase in nuclear C/EBP␤ to increased availability of the transcription factor, nulevels ( Figure 5A , panel a1; n ϭ 10 independent expericlear C/EBP␤ levels were assayed biochemically and ments). Inhibiting L channel activity also increased nuimmunocytochemically. Briefly, we found that nuclear clear levels in neurons overexpressing wild-type levels were high in the absence clear C/EBP␤ levels ( Figure 5A , panels d2 and d3), while (p Ͻ 0.001; n ϭ 2 independent experiments), implying that translocation is an important mechanism by which levels fell in neurons overexpressing a constitutively active CaMKIV ( Figure 5A , panel d1; n ϭ 6 independent IGF-1 regulates C/EBP␤ to control survival (Figure 7) . experiments). Analysis of confocal Z-sections verified that, in the presence of IGF-1, L channel activity, and AMPA Receptors Can Activate L Channels and Promote L Channel-Mediated Survival C/EBP␤-antisense, C/EBP␤ was largely excluded from nuclei, while serum deprivation and L channel block IGF-1 potentiates but does not directly activate voltagesensitive L channels. We therefore attempted to deterincreased nuclear levels ( Figure 5A, panel b , Supplemental Figures S3A and S5B) . mine the means by which L channel activity is stimulated and found that AMPA receptors appear to play a pivotal We also found that NMDA treatment increased nuclear levels and that the NMDA-induced nuclear localizarole, increasing L channel activity to promote survival and NMDA receptor activity to increase excitotoxic tion required the calcium-dependent phosphatase calcineurin ( Figure 5A, panel a1, Supplemental Figures S4A death. Low concentrations of the AMPA receptor agonist, and S4B at http://www.neuron.org/cgi/content/full/39/ 4/625/DC1). Deltamethrin (1 M), a specific inhibitor, kainate, significantly elevated L channel-mediated survival ( Figure 6A ). Increasing kainate concentrations blocked the NMDA-dependent increase in nuclear C/EBP␤ (n ϭ 6 independent experiments) and simulta-(0-100 M) were tested in combination with 0.8 M (-)-BayK8644, a concentration of the L channel modulaneously increased survival (72% Ϯ 4%, p Ͻ 0.001 when compared with 15% Ϯ 2% for NMDA alone; n ϭ 3 indetor that produces submaximal survival ‫,%06ف(‬ Blair et al., 1999). We found that the lower kainate doses impendent experiments). Deltamethrin also reduced nuclear levels in neurons maintained in 0-serum test meproved survival, but that the improvement was entirely reversed by L channel blockade. Moreover, when the dium (Supplemental Figure S4C) . Moreover, IGF-1 partially reversed the NMDA-induced rise in nuclear NMDA receptor inhibitor APV was included with BayK8644ϩ10 M kainate, nearly all neurons survived. C/EBP␤ levels (Supplemental Figure S4D ; n ϭ 6 independent experiments) and, in parallel, raised survival Consistent results were obtained with kainate alone or direct NMDA receptor stimulation ( Figure 6A ). Com-(66% Ϯ 3%, p Ͻ 0.001; n ϭ 3 independent experiments).
Significantly, IGF-1 could reverse the nuclear localizapared to "No add," 10 M kainate elevated survival in an L channel-dependent manner, but 100 M kainate tion induced by serum deprivation and NMDA treatment ( Figures 5B and 5D ). L channel activity was required.
reduced it. When NMDA receptor activity was directly stimulated (300 M NMDA ϩ 1 M glycine for 30 min), When inhibited, nuclear C/EBP␤ levels rose (Supplemental Figure S4E ) and survival fell (40% Ϯ 3%; n ϭ 4 survival after 1 day was poor and reduced further by coaddition of 100 M kainate. However, coaddition of independent experiments). This suggests that in terms of survival, NMDA receptor and L channel activities act 10 M kainate significantly enhanced survival, again in an L channel-dependent manner. This suggests that the antagonistically. Since neurotransmission occurs spontaneously in these cultures (Mellor et al., 1998), we overriding effect of strongly activating AMPA receptors is to stimulate the NMDA receptor/prodeath pathways, tested blockade of endogeneous NMDA receptor activity. The NMDA receptor inhibitor, APV, which alone prowhile moderate activation stimulates L channels to promote survival. motes survival (see Figure 6B) , was able to keep nuclear levels low ( Figure 5A, panel Figure  S4G) , suggesting that the rise observed in unsupple-6B; "No IGF-1"). After 1 day without IGF-1, survival was poor ("No add"), and blocking basal L channel activity mented test medium was due, at least in part, to excitatory neurotransmission. Strikingly, the ability to reverse ("nim") produced a ‫%01ف‬ further decrease. In contrast, inhibiting NMDA receptors ("APV") radically improved the effects of growth factor withdrawal and NMDA also required the nuclear transport protein, CRM1, also survival, but simultaneous L channel block ("APVϩnim") again produced a ‫%01ف‬ decrease, implying that called exportin-1. Inhibition by leptomycin B (Henderson and Eleftheriou, 2000) blocked the reversal ( Figure 5D ; blocking NMDA receptor activity did not affect L channel activity. No effect of kainate receptor activity was den ϭ 3 independent experiments). Blocking C/EBP␤ export also kept survival low: 22% Ϯ 6% after 1 day in tected. Blocking both kainate and AMPA receptors with CNQX or high concentrations of NBQX (100 M) was leptomycinϩIGF-1 versus 90% Ϯ 4% for IGF-1 alone (C and E) As controls, sister cultures were treated with an ODN in which the antisense sequence had been scrambled (C) or with an siRNA that failed to reduce nuclear C/EBP␤ levels (E). Left, without growth factor, support survival was modest. Right, NMDA treatment induced nearly global death. ., 2001 ), the effects we Neurons were also briefly exposed to IGF-1 in the observe appear to be specific to CaMKIV. Survival was presence of inhibitors ( Figure 6B; "ϩIGF-1") . As prenot maintained by constitutively active CaMKII, and viously shown (Blair et al., 1999) , survival was high fol-IGF-1 effects on CaMKII activity were relatively minor. lowing a 5 min IGF-1 stimulation ("IGF-1 alone") but Interestingly, however, we find that elevating the levels were much lower when L channels were blocked by of wild-type CaMKIV had little effect on survival at modnimodipine or Cd 2ϩ during the IGF-1 stimulation. N chanerate-high levels of IGF-1, but a large effect at lower nel and sodium channel block, both of which should IGF-1 concentrations or lower levels of L channel activreduce neurotransmission, exerted prosurvival effects ity. Although altering CaMKIV levels cannot be consid-("-CgTx-GVIA," "TTX"). Here, however, blocking NMDA ered a natural situation, this result and the findings that receptors produced no significant increase in survival antisense and siRNA to C/EBP␤ can rescue neurons ("APV"), suggesting that their prodeath actions might be from excitotoxic death suggest possible biomedical apcompensated by growth factor support. Nonetheless, plications. an L channel-dependent component was maintained Multiple steps appear to be calcium dependent. ). We of IGF-1. To establish if the effect was specifically due to C/EBP␤, we additionally tested if wild-type C/EBP␤ also find that when nuclear levels decrease, C/EBP␤ is localized in large perinuclear puncta. Although the was proapoptotic and if antisense oligonucleotides and siRNA specific to C/EBP␤ were prosurvival. Finding that function of this distribution remains to be determined, possibilities include that the protein is being held for all three approaches indicated that C/EBP␤ might be proapoptotic, we analyzed potential mechanisms. relocation back into the nucleus or is being targeted for degradation. The first possibility is particularly attractive Regulation of C/EBPs is complex. It is known that they can act as either transcriptional enhancers or rein light of our observation that, in a calcineurin-dependent manner, nuclear C/EBP␤ levels rapidly rise under pressors, that individual subtypes can heterodimerize with other members, potentially altering DNA binding conditions that induce excitotoxic death. Survival is a homeostatic process, but how neurons specificities or transactivating capabilities, and that for C/EBP␤, dominant-negative isoforms occur naturally balance stimuli is not well understood. Our data suggest that L channels and glutamate receptors perform antag- channel blockade, which would be predicted to reduce lating IRS-1, the docking protein mediating IGF-1 receptor responses (Hallak et al., 2001 ). neurotransmission, reduces nuclear levels and promotes survival, implying that IGF-1, which potentiates C/EBP␤ appears to be another pivot point. We show here that both the excitotoxic and L channel pathways N as well as L channel activity (Blair and Marshall, 1997), may serve a more complicated role than simply acting regulate its subcellular localization. IGF-1 potentiation of L channels acts through CaMKIV to promote survival as a survival factor. Moreover, given that NMDA receptors also mediate calcium influx, it is especially striking by reducing nuclear C/EBP␤ levels, and NMDA receptor activity acts antagonistically through calcineurin to inthat the mode of calcium entry differentially regulates survival processes. L channel activity and IGF-1 stimucrease them. late CREB phosphorylation and activity (Rajadhyaksha Experimental Procedures et al., 1999), while extrasynaptic NMDA receptor activity leads to CREB dephosphorylation (Sala et al., 2000; exchange), and KN62 or vehicle was readded for an additional 2 hr.
